Abstract: Angiogenic factors, including bFGF and VEGF, induce cytosolic calcium (Ca c ) increases in endothelial cells, critically involved in angiogenesis progression. At low agonist concentrations, Ca c elevation is mainly due to calcium entry controlled by a complex interplay between two intracellular messengers, arachidonic acid (AA) and nitric oxide (NO), released upon stimulation with proangiogenic factors: they trigger spatially localized calcium signals restricted to the cell periphery, and such a spatiotemporal pattern could contribute to the specificity of cellular responses.
INTRODUCTION
In the last years several authors reported the existence of local calcium signals in virtually all cell types [1, 2] .
Calcium 'microdomains' are classified on the basis of their different spatial restriction, time course and amplitude and are related to specific intracellular molecular machineries: for this reason they contribute to the specificity of the cellular response [1, 3, 4] .
In calf pulmonary artery endothelial cells (CPAEs), elementary events precede the onset of the massive ATPinduced Ca 2+ release from intracellular stores, leading to the vasoactive response [5, 6] .
Elementary events can also be due to calcium entry from the extracellular medium: in neurons, exocytotic release of synaptic vesicles is controlled by subplasmamembrane calcium microdomains triggered by the opening of voltage operated channels (VOCs) [7, 8] ; calcium microdomains with a subplasmalemmal localization are detectable in *Address correspondence to this author at the Department of Animal and Human Biology, University of Torino, Via Accademia Albertina 13, 10123 Torino, Italy; Tel: +39.011.6704667; Fax: +39.011.6704508; E-mail: luca.munaron@unito.it stimulated and unstimulated smooth muscle cells [9, 10] . In endothelial cells (ECs), channels associated with the caveolae give rise to rather inhomogeneous high calcium levels along the subplasmamembrane cytoplasmic ring that selectively regulates nitric oxide (NO) release [11, 12] .
In recent years we provided evidence for the critical role of calcium signaling in the control of endothelial cell proliferation and angiogenesis [13] [14] [15] [16] . In bovine aortic endothelial cells (BAECs) we described the biophysical properties of calcium channels activated by proangiogenic peptides including bFGF, IGF and VEGF: such channels are modulated by the interplay of two intracellular messengers, arachidonic acid (AA) and nitric oxide (NO), both released by ECs after proangiogenic stimulation [17] . The signal transduction pathways involved in this process are quite complex and probably more than one type of calcium channel is involved [16] [17] [18] .
Interestingly, stimulation of BAECs with AA or NO at low concentrations triggers peripheral and localized calcium signals [19] . They decay in space and are usually unable to propagate into the perinuclear and nuclear regions: a very similar response was observed after stimulation with proangiogenic peptides, such as bFGF and VEGF, able to trigger the intracellular release of AA and NO [19] . We suggested that the peculiar spatiotemporal dynamics of mitogen-activated cytosolic calcium events in ECs could lead to the involvement of differential patterns of calciumdependent proteins and genes during the multistepped physiopathological process of angiogenesis [19] .
The interplay among several factors could contribute to the generation of calcium microdomains. Firstly, the highly variable 3D geometry of the cells in culture (shape, Surface/Volume ratio of peripheral processes and centralnuclear regions) could account for the preferential peripheral localization: non confluent BAECs in monolayer display quite variable dimensions and the peripheral processes (lamellipodia and phylopodia) are very thin compared to the central-nuclear region [19] . Several authors have discussed the role of 3D cell structure experimentally and theoretically: however, the interest is usually focused on calcium release from intracellular stores rather than on calcium entry from extracellular medium [5, 20] . Secondly, the distribution and properties of calcium 'buffers' (proteins, mitochondria) changes from cell to cell and may contribute to the spatial restriction [21, 22] . Finally, several evidences suggest the existence of lipidic rafts or caveolae and supermolecular complexes called signalplexes (or signallsomes) in virtually all cell types including ECs: interestingly, many molecules involved in calcium homeostasis and signaling are included in caveolae [23] [24] [25] [26] .
Here we used Virtual Cell software, already successfully applied by other authors to model cellular processes [27] [28] [29] , to provide the first realistic three-dimensional (3D) model accounting for proangiogenic calcium signals in BAECs: it is based on endothelial-specific morphological and functional parameters, most of which experimentally measured in the same cell type.
Simulation reproduces the proangiogenic localized calcium signals experimentally described supporting in a quantitative way the signal transduction pathway proposed in previous papers; moreover it allows to suggest the critical role for channel clusterization in thin lamellipodia, typical of ECs geometry. Finally, we investigated the complex and not entirely known interplay between AA and NO in the activation of proangiogenic calcium channels [17] , testing the potential involvement of two distinct AA-and NOactivated channels: further experimental data, in particular the identification of AA-and NO-operated calcium channels, still unknown, and their cellular localization, will be requested to validate this model.
METHODS

3D Structure of the Cell
Spatial 3D geometries have been obtained by real cultured bovine aortic endothelial cells (BAECs) imaged using confocal microscopy.
Model Construction
The Virtual Cell software environment (available at: http://www.nrcam.uchc.edu) was used to develop 3D spatial model. The mathematical details of the model are provided in the results (see Tables 1, 2) .
RESULTS
Mathematical Model for Proangiogenic-Induced StoreIndependent Calcium Entry in BAECs
General Model Description
In all cell types cytosolic calcium levels are determined by a balance of entry, efflux or extrusion from the cytosol, and buffering [8] : the calcium dynamics is governed by the partial differential equation [30, 31] .
The first term in equation 1 is due to Ca 2+ diffusion, in which D is the diffusion coefficient of free cytosolic calcium (Ca c ). J entry and J extrusion are respectively the rates of change of [Ca c ] due to the opening of calcium channels and activation of pumps and exchangers. J buffering is the rate of change of [Ca c ] due to buffering. The initial Ca c distribution is assumed uniform.
Entry mechanisms involve plasmamembrane and/or ER calcium-permeable channels and the related fluxes are passive following electrochemical driving force. In our particular case, we have previously shown in BAECs that low concentrations of arachidonic acid (AA) and nitric oxide (NO) do not activate release from intracellular stores and the following store-dependent calcium entry (SOCE): therefore we can consider the store-independent calcium entry (NSOCE) from extracellular medium as the only relevant mode for increasing Ca c [17] [18] [19] . Equation 1 can be written as:
On the other hand cytosolic Ca c can be extruded from the cytosol via plasmamembrane and ER ATPases (respectively PMCA and SERCA) and Na-Ca exchangers (NCX). In ECs each active extrusion mechanism plays a specific role during different types of calcium signals and is regulated by multiple mechanisms [32] . Endothelial SERCAs are typically involved in the recovery of calcium response after agonist removal [33] : thus, being the recovery phase of proangiogenic calcium signals above the aim of this work, we did not consider its role in our model (equation 3).
The general scheme of our 3D spatial biomodel is shown in Fig. (1) , including chemical species and reactions described in the previous section (Fig. 1A) and geometries (Fig. 1B) .
Following Mottola et al. (2005) , NO release is under a double regulation by both AA and Ca c . Calcium channels (AA-activated channel, AAAC, and NO-activated channel, NOAC, see below), pumps and exchangers are in a fixed number, restricted in the plasmamembrane compartment (distributed or clusterized as indicated in the following section). Endogenous and exogenous calcium buffers are included in the cytosolic and nuclear compartment. Diffusion of calcium across the nuclear envelope was taken as occurring through non-selective nuclear pores, such that the permeability was proportional to diffusion constant of the ion in the cytosol [34] .
Partial differential equations (PDEs) are solved by Virtual cell simulator (for details see Virtual cell web site). We decomposed the 3D computational domain (x-y-z: 120, 70, 19 m) into 1200000 elements and ran simulations using a 1-s time step.
Geometry
In order to provide a 3D-spatially-resolved simulation of the cytosolic calcium signals following AA-activated calcium entry described in previous papers, and in particular in Tomatis et al. (2007) , we have to consider the effect of cell shape and dimensions in the model: indeed ECs growing on monolayer show a wide distribution in areas, perimeters and protrusion extensions, as quantitatively reported [19] .
We decided to consider 2 main ECs types, according to the most usual shapes (morphologies) observed in culture (Figs. 1B,C) .
Geometry 1 is a large cell with a central region containing the nucleus and long thin peripheral regions (lamellipodia) mostly in the left side (Fig. 1B) . Geometry 2 is the same cell without any thin peripheral regions (Fig.  1C) .
Properties of Calcium Entry Activated by Proangiogenic Factors on BAECs
Confocal microscopy on cells loaded with calcium green-1 probe allowed us to identify and describe Ca c peripheral increases activated by proangiogenic factors ( Fig. 2A-D ; for more details, see [19] ).
AA-Activated Channel (AAAC)
General biophysical properties of calcium-permeable currents activated by proangiogenic peptides (bFGF, IGF, VEGF) and intracellular messengers (AA and NO) have been obtained by patch clamp technique in whole cell and inside out configuration [18, 35] . The simulated current was designed to fit the most relevant and conserved parameters shown in Table 1 .
AA-activated calcium current (similarly to bFGF activated current) in BAECs using whole cell and single channel configurations is characterized by an activation phase reaching a peak and by a following desensitization phase in the presence of the agonist (a representative trace in (4) in which,
The corresponding simulation is shown in Fig. (3B) .
The maximal conductance (G max_AAAC ) was chosen to fit the mean peak of whole cell currents activated by AA in patch clamp experiments. Corrections have been introduced to account for the relative calcium-permeability of proangiogenic calcium channels, that are non-selective, permeable to Ca, Na and K ions.
The second term in equation describes the activation kinetics of the current, dependent on AA (AA) (available for channel interaction): K AAAC is the concentration of AA responsible for the half maximal activation of the channel. AA levels depend on the production rate triggered by VEGFR activation, via a number of pathways involving PLA2, PLC, PLD and other enzymes (first term in equation 6), and AA degradation (second term in equation 6) by LOX, COX and CytP450 MO and the following release of eicosanoids [36] :
The corresponding simulation is shown in Fig. (3E) . VEGFR stands for the density of active VEGF receptors in the plasmamembrane (VEGFR= 1 m -2 in all the simulations, see Tables 2, 3 ).
The term h 2 in equation (4) describes the current desensitisation in the presence of the fatty acid, obtained by fitting the time course of the currents experimentally measured in whole cell patch clamp experiments [18, 35] : h is the probability that the channel desensitization site is not occupied and can be treated by a mass action equation (see simulation in Fig. 3D) ,
Nitric Oxide-Activated Channel (NOAC)
We have previously suggested that at least a part of AAinduced calcium entry in BAECs could be more indirect and mediated by an AA-dependent NO production [17, 19] . NO release is dependent on eNOS activation: based on the model suggested by our group in these cells [17] , eNOS, in addition to the canonical calcium-dependence, can be activated by AA. To account for this double regulation, and fitting the time course of NO increase experimentally measured using fluorescent probes and selective electrodes [17, 37] , we described NO production as follows (see Fig. 3F )
The first term describes NO release by eNOS: k NOrel is the maximal rate, K NO_Ca and K NO_AA are the dissociation constants (K d ) respectively for Ca and AA [38, 39] . The second term accounts for NO degradation to peroxynitrites [40] . As expected, when calcium entry from AAAC and NOAC is inhibited, NO release is significantly decreased (dotted line in Fig. 3F ).
In analogy with the description of AA-activated current, I NOAC (Fig. 3C) can be expressed as:
in which,
Calcium Efflux
The plasmamembrane calcium ATPase (PMCA) and the Na + /Ca 2+ exchanger mediate calcium efflux.
The rate of extrusion by the ATPase has been modeled by [41] in platelets and used for modelling ECs [42, 43] . The form of the rate equation is a sum of two Hill functions,
The first term in Eq. 11 represents the capacity of the ATPase in the basal state. Upon exposure to elevated levels of cytosolic calcium, the ATPase enters an activated highcapacity mode, which is given by the second term. V b-PMCA , is the maximal rate of pumping of calcium in the basal state. K b-PMCA is the calcium concentration at which the extrusion is half-maximal in the basal state. V hi-PMCA and K hi-PMCA are analogous quantities for the high-capacity term. Valant et al. (1992) also modeled the Na + /Ca 2+ exchanger (NCX). The form of this rate equation is that of MichaelisMenten kinetics,
V NCX is the maximal rate of extrusion and K NCX the Michaelis-Menten constant, the calcium concentration at which the rate of exchange is half-maximal. 
Values of V in each of the 3 terms have been chosen to obtain steady state condition in resting unstimulated cells (see Tables 2, 3) .
Calcium Buffering
As shown before, the effective diffusion of calcium in the cytosol depends on the presence of buffers; at least two types of factors concur to the cytosolic calcium buffering: endogenous (proteins including calmodulin and others, cytoskeleton, mitochondria) and exogenous buffers, mainly the calcium-sensitive fluorescent dyes used for the measurements (dyebuffer) (according to [31] ).
The rate of endogenous buffering is based on that given by several works [31, [42] [43] [44] [45] [46] [47] . Dissociation constant (K d ) of calcium from calmodulin ranges from 0.2 to 18 M: we used 2 M for control conditions [45] . The total concentration of calcium-binding sites (B TOT ) is considered constant and has been experimentally estimated in different cell types: accordingly to Fink et al. (2000) , we used B tot =450 M. The rate at which calcium is complexed to the buffer is proportional to the concentration of free calcium and free binding sites. Calcium also decomplexes from the protein at a rate proportional to the concentration of the complex: therefore the net rate of buffering may be described using mass-action expression as follows:
J buffering = k buffer on Ca c B k buffer off (CaB) (14) Please note that Ca c B stands for (Ca c )x(B) and CaB stands for the concentration of the complex CaB.
The introduction of the calcium-sensitive fluorescent dye (calcium green-1 or fluo-3) for cytosolic calcium measure-ments affects endogenous calcium buffering systems and has to be considered. Mass action equation is, J buffering = k dyebuffer on Ca c dye k dyebuffer off (Cadye) (15) Intracellular concentration of exogenous buffers (18 μM), diffusion coefficients (18 m 2 s -1 ) and kinetics have been taken from previously described estimations [31, 48, 49] .
All the values used in the model and their explanations are given in Tables 2, 3 .
All the simulations are performed in conditions of receptor stimulation and AA release (J AArel activated), except where indicated (the last section fo the results). Values in Bold are Reference Conditions. See Table 3 for Abbreviations.
Role of Cell Shape (Geometry)
A first set of simulations was performed in a 'control condition' (a set of 'standard' parameters, see Table 2 thus approximately at 1 m from the bottom of the cell (z=0, attachment to the substrate). In order to quantitatively evaluate the effects of lamellipodia on spatial Ca c increase propagation, we plotted, by a pseudo-line scanning (pls), the time course and P ampl decay of calcium response in the left lamellipodium: this was called 'reference' pls and used in all the following simulations. In a first set of simulations we excluded I AAAC and I NOAC from simulation in order to verify the stationary condition in 'resting' cells: as expected, according with experimental observations, no changes in Ca c levels were observed (not shown). When we included I AAAC and I NOAC in the simulation, a calcium response was observed (Figs. 4A-D) . Firstly, reference was compared with pls from the opposite extreme of the cell (the right one, with significant higher thickness, as shown in Fig. 1B , blue circle in panels 1 and 3; Figs. 4E-G) and from a pls obtained choosing a z plane 5 m above the previous one (6 m from the bottom on z axis).
The same type of analysis was performed on a cell with geometry 2 (Fig. 5) .
In all the following analyses, we took some key indicators, including spatial decay of the peak of the response (P ampl ) along the line selected and time to reach the peak (t p ) in the subplasmamembrane region: all the values are shown in Table 4 .
Interference by Calcium-Sensitive Probes
Different calcium-sensitive probes are commonly used to measure intracellular calcium responses. They differ for excitation and/or emission spectra and K d for calcium [31, 50, 51] . The introduction of these compounds inside the cell could lead to a perturbation of the physiological calcium buffering system, thus altering the measurement.
In order to test the effects of different calcium probes, we changed K d (according to the values given for calcium green- Table 4 show the results of simulations.
Reduction of K d from 0.39 M to 0.19 M didn't affect neither the amplitude of the response nor the P ampl spatial decay.
In conditions in which dye is not present, the absolute P ampl is greater than control, as expected by the buffering effect of the dye: on the other hand, interestingly, the other parameters are not affected ( Table 4) . This is an important exclusive feature of the simulation, allowing testing the quantitative and qualitative effects of calcium-probes cell loading and eventually unmasking perturbations and artefacts due to the experimental procedure.
Role of Spatial Restriction: Clusterization of Channels and Buffers
Calcium diffusion inside the cell volume due to plasmamembrane calcium channels depends not only on the quantitative expression of channels and buffers but also by their specific targeting and distribution in specific cellular subcompartments.
Inhomogeneous channel distribution has been described in different cell types [23] [24] [25] . We analysed the effect of A B C D
Fig. (5). Simulated Ca c responses in geometry 2 cells (without lamellipodia).
The same as in Fig. (4), Fig. (5B) shows the same pls at two different scales for calcium increase: top is the same as in Buffer clusterization has been set in the central region of the cell (containing the nucleus) where perinuclear mitochondria are more concentrated (as widely shown in literature in endothelial cells and confirmed here in BAECs by staining with orange mitotracker, (Fig. 7D) ). Fig. (7) shows the response of a cell in different conditions: with channel clusterization (Fig. 7A, panel 1-2) , with buffer clusterization (in the central region of the cell, 
A B
Fig. (6). Effects of calcium-sensitive probes.
Time course (A) and P ampl decay (B) obtained in control conditions (see Fig. (1A) ; calcium probe with K d =0.39 M, black line), using a calcium probe with K d =0.19 M (blue dotted line) and without any probe (red dotted line).
including nucleus and perinuclear region, see Fig. (7A) , panel 3) or with simultaneous clusterization of both the components (Fig. 7A, panel 4 ).
Figs. (7B, C) show the effect of clusterization on kinetics and spatial decay; the quantitative results are in Table 4 .
As expected, buffer clusterization in the central region of the cell leads to a huge increase of absolute P ampl in the peripheral regions, while channel clusterization evokes the opposite effect (Fig. 7B) . Time to peak was highly reduced both by buffer clusterization and, even at lesser extent, by channel clusterization (Table 4) . Neither buffer nor channel clusterization did not significantly affect the distance at which P ampl =50% max (x 1/2 ; m) of spatial decay, while simultaneous clusterization of channels and buffers led to a significant reduction. Differently from control conditions, all these three clusterizations led to a complete abolishment of the response due to spatial decay ( Fig. 7C and Table 4 ).
Exclusion of Either AA or NO Release
In order to reproduce the effects observed experimentally by interference with eNOS activity [17] , we performed simulations excluding either AA or NO release (respectively J AArel and J NOrel , equations 6 and 8) from simulation: as expected, blocking AA release completely abolished calcium signals (not shown), while the exclusion of eNOS activity from the simulation failed to exert any effect on time course and propagation of the response (Fig. 8 and Table 4 ).
DISCUSSION
In a previous paper we experimentally described the properties of peripheral calcium microdomains activated by proangiogenic factors (VEGF and bFGF) and arachidonic acid (AA) in bovine aortic endothelial cells: these events are involved in the control of normal and tumor-derived ECs proliferation and motility and are due to the opening of calcium-permeable channels in the plasmamembrane [17] [18] [19] 52] . We suggested that different mechanisms could be responsible for this spatial restriction, including channel clusterization, buffer distribution, and cell geometry.
A great number of details can be obtained experimentally, but the most commonly used techniques (patch clamp and calcium imaging with fluorescent probes) have many drawbacks and interfere with the physiology of the cell perturbing the intracellular processes in different ways [53, 54] .
Even if a number of mathematical models for calcium signals have been published for different cell types, including ECs [55, 56] , this work describes the first 3D modeling of proangiogenic calcium entry strictly based on experimental data. In particular, given the complex geometry of ECs, highly diverging from regular spherical shape, we designed our model on a 3D reconstruction of a real EC obtained by confocal microscopy: this should be considered mandatory for a realistic simulation.
The properties of proangiogenic calcium events (by VEGF, bFGF, AA and NO) allow us to design a relatively simple mathematical and graphical model thanks to the absence, in a precise range of AA stimulation (low micromolar levels, <5 M), of release from intracellular stores. We introduced biochemical quantitative parameters taken from the literature produced by our group and others: in many cases values are specifically referred to ECs, while in others, due to lack of experimental evidences in ECs, we assumed valued taken from other cell types [31, 42, 43] .
For simulation of AA and NO release upon proangiogenic stimula, we started from experimental data concerning the signal transduction linking tyrosine kinase receptors (VEGFR, bFGFR) to AA and NO release in ECs [16, 57] : in particular, in our simplified model, AA release is triggered by VEGFR activation, while NO release is more complex, being regulated by cytosolic calcium and AA itself (see below). Time courses of AA and NO release, and their absolute concentrations, have been set in agreement with literature [37, 58] .
The properties of proangiogenic calcium channels and relative currents are derived from the experimental data provided by our previous works [17] [18] [19] 35] : they have been obtained mainly from electrophysiological experiments (patch clamp in whole cell and single cell inside out configurations) and single cell fluorimetric measurements. In particular, AA-activated calcium current is typically non selective and shows a desensitization in the presence of the agonist ( Table 1 and Fig. 3) . Activation process is dependent on the concentration of AA (AA), physiologically released by different enzymes ( [36] , see model description). The mechanisms responsible for desensitization of AA-induced calcium current in the presence of the agonist are not known, even if in other cell types a phosphorylation/dephosphorylation balance has been suggested [59, 60] : the desensitization factor h is taken as h 2 to fit the time course of the experimental current (Fig. 3) . Peak amplitude and time to peak have been estimated from the amplitude of current density in whole cell patch clamp experiments: it has to be noted that both these parameters are quite variable from cell to cell (see Table 1 ) even in the same cell population. The   Fig. (8). A, B . Simulations of calcium increases in cells in which NO release was completely inhibited (J NOrel excluded from simulation). Dotted lines are control conditions. relative permeabilities to cations have not been experimentally estimated: we fitted the value of C max in order to obtain calcium increase amplitude similar to that measured with quantiative dyes [17, 61] .
In a set of simulations we tested the same experimental conditions in cells with or without thin lamellipodia: in our previous paper we observed that non confluent BAECs in monolayer have highly different dimensions and the peripheral processes (lamellipodia) are very thin compared to the central-nuclear region (difference in a range of one order of magnitude) [19] . The highly variable 3D geometry of the cells (shape, Surface/Volume ratio of peripheral processes and central-nuclear regions) could account, at least partially, for the preferential peripheral localization: the role of 3D cell structure has been discussed by several authors, mainly for agonists that activate calcium release from intracellular stores [5, 6, 20, 62] Table 4 ). These observations could provide an additional explanation of the great heterogeneity of Ca c responses in the same cell population: not only calcium machinery expression can vary from cell to cell but also in cells expressing the same amount of channels, the response could change significantly in function of the geometry/shape. This is quite relevant during angiogenic process, in which ECs move, proliferate and reorganize in new vessels changing their shape.
As expected, calcium probes don't significantly affect spatial peak decay (Fig. 6, Table 4) , allowing us to exclude that peripheral restriction of proangiogenic calcium signals previously described are artefacts due to calcium-sensitive dyes.
Another component to be considered is the spatial distribution of different cell components involved in calcium signaling and its effects. It is well known that eNOS, PLA 2 , tyrosine kinase receptors and calcium channels (including TRPs), all components of proangiogenic calcium signaling machinery, are clusterized in lipid rafts, caveolae and supermolecular complexes (or signallsomes) in the plasmamembrane [12, 23, 25] . Moreover the distribution of calcium buffers changes from cell to cell and contributes to the spatial restriction: in ECs, mitochondria form a perinuclear ring, protecting the nucleus from uncontrolled calcium increases in the cytosol, and a subplasmamembrane layer [63, 64] . Accordingly, in the present model, the compartmentalization of buffers in the central-perinuclear region of g1 cell strongly decreases the time to peak of proangiogenicinduced calcium responses in the subplasmamembrane region of lamellipodia, while channel clusterization in the most peripheral region of lamellipodia in g1 cell leads to a huge reduction of peak amplitude: the combination of buffer and channel clusterization affects all the parameters (Fig. 7,   Table 4) . It has to be noted that in all these conditions proangiogenic calcium signals fail to propagate to the nucleus, in agreement with experimental observations (19) . When AA-and NO-activated channels will be identified, confocal fluorescence techniques at high spatial resolution will be needed to support the hypothesis of channel clusterization in the most peripheral regions of lamellipodia.
It has to be noted that the model contains a number of assumptions and it will be greatly improved by more constraints obtained mainly by biochemical quantitative measurements.
In particular, even because of the positive feedback of NO-dependent calcium entry on NOS activation, it is very hard to obtain experimental quantitative informations on the actual relative balance between activation of AAAC (a channel activated by AA independently on NO production) and recruitment of NOAC (a channel activated by NO previously released by AA action on NOS). Such a balance could depend on several unknwown parameters, including K AAAC , K NOAC and K NO_AA . We need a more detailed knowledge on structural and functional properties of proangiogenic calcium channels and the discovery of the molecular mechanisms responsible for channel desensitization in endothelial cells will provide very useful informations to be added in the model. This model is based on the hypothesis of two independent channels (AA-or NO-activated) but we cannot exclude neither the existence of channels co-modulated by AA and NO nor potential cross regulations between different channel types. Finally we need a more detailed quantitative description of the molecular machinery underlying AA and NO release following stimulation with proangiogenic peptides [65] .
